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Abstract
The fabrication and characterization of novel high surface area hollow gilled fiber tissue 
engineering scaffolds via industrially relevant, scalable, repeatable, high speed, and economical 
nonwoven carding technology is described. Scaffolds were validated as tissue engineering 
scaffolds using human adipose derived stem cells (hASC) exposed to pulsatile fluid flow (PFF). 
The effects of fiber morphology on the proliferation and viability of hASC, as well as effects of 
varied magnitudes of shear stress applied via PFF on the expression of the early osteogenic gene 
marker runt related transcription factor 2 (RUNX2) were evaluated. Gilled fiber scaffolds led to a 
significant increase in proliferation of hASC after seven days in static culture, and exhibited fewer 
dead cells compared to pure PLA round fiber controls. Further, hASC-seeded scaffolds exposed to 
3 and 6 dyne/cm2 resulted in significantly increased mRNA expression of RUNX2 after one hour 
of PFF in the absence of soluble osteogenic induction factors. This is the first study to describe a 
method for the fabrication of high surface area gilled fibers and scaffolds. The scalable 
manufacturing process and potential fabrication across multiple nonwoven and woven platforms 
makes them promising candidates for a variety of applications that require high surface area 
fibrous materials.
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1. Introduction
In this manuscript, we describe for the first time the fabrication of a novel fiber cross 
sectional morphology, which we have termed “gilled” fibers, for their resemblance to the 
underside of a mushroom cap. Gilled fibers consist of an outer solid poly(lactic acid) (PLA) 
shell, with multiple finger like PLA projections extending toward an internal hollow 
channel. Gilled fiber processing to fabricate carded nonwoven fabrics as scaffolds for tissue 
engineering applications is evaluated and discussed.
Tissue engineering strategies for the creation of new functional bone tissue using a stem cell 
source require recapitulation of the chemical and mechanical environment of the native 
tissue being replaced. It is well known that chemical cues are capable of regulating 
differentiation of a variety of stem cell sources. However, in the past few decades, we and 
others have shown the critical role of the mechanical environment in controlling stem cell 
fate [1–4], including tensile strain [5–10], shear stress [11–13], and hydrostatic pressure 
[14,15]. In the context of bone tissue engineering, compressive forces exerted on bones 
during normal day-to-day movement result in pressure driven flow of interstitial fluid 
through canaliculi, exposing mechanosensitive osteocytes to shear stress [12,13,16–18]. 
Compressive forces exerted on bones during normal day-to-day movement result in pressure 
driven flow of interstitial fluid through canaliculi, exposing osteocytes to shear stresses. 
Osteocytes have been shown to respond to these changes in shear stress and initiate an 
appropriate cellular response [12,16,17]. Bone tissue experiences shear stresses in the range 
of 8–30 dynes/cm2 during normal physiological loading, with 30 dyne/cm2 representing 
peak loading during extensive physical activity [19].
As a result, researchers have investigated the use of biomimetic magnitudes of shear stress 
for functional bone tissue engineering applications using stem cells. Multiple studies have 
evaluated the impact of fluid shear stress, both pulsatile and oscillatory, on osteocytes 
[12,13,17,18,20,21] and bone marrow derived mesenchymal stem cells (MSC) [21]. They 
have shown that shear stresses consistent with shear stresses that occur in bone during 
normal physiological loading increase osteogenesis and new bone formation 
[12,13,17,18,20,21]. Human adipose derived stem cells (hASC), a relatively more abundant 
and accessible stem cell source than MSC, have also been shown to be mechanosensitive to 
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shear stress [1,16,22]. Human ASC are an attractive candidate for a variety of tissue 
engineering strategies due to their relative ease of harvest compared to MSC and other stem 
cell sources. Human ASC can be readily obtained from routine liposuction and 
abdominoplasty procedures. We and others have shown that hASC are capable of 
multipotent differentiation, including adipogenesis, osteogenesis, and chondrogenesis 
[9,14,23–31].
Shear stress has been shown to upregulate osteogenesis of ASC cultured on two dimensional 
substrates seeded with cells and exposed to pulsatile fluid flow (PFF) [11]. However, for the 
generation of three dimensional tissues, an initial biodegradable scaffolding structure is 
needed for early attachment of hASC, providing initial structural integrity, and capable of 
withstanding applied fluid flow. Our group and many others have reported on the use of 
poly(lactic acid) (PLA), an FDA-approved biodegradable polymer, for use in the creation of 
tissue engineering scaffolds [23,32–36]. The degradation rate of PLA can be tuned by 
altering the polymer properties, such as molecular weight and crystallinity, to achieve the 
desired rate of degradation for a particular application [37]. In this study, co-spinning of 
PLA using a specialized winged fiber spinnerette with AQ55S as a second, sacrificial 
polymer, facilitates the formation of the unique gilled fiber cross section. AQ55S is a 
commercially available water dispersible amorphous sulphonated copolyester (Eastman 
Chemical Company, Kingsport, TN). The 55 in the polymer name indicates a glass transition 
temperature of 55 °C. The water dispersible nature of AQ55S is attributed to sodiosulpho 
groups on the polymer backbone. AQ55S is readily disperses in water at temperature above 
55 °C, making it an attractive sacrificial component compared to polymers that require 
solvent to disperse.
While many studies have reported on the successful implementation and utilization of PLA 
and other polymers for tissue engineering scaffolds, critical challenges remain with large 
scale fabrication and scale up of biomimetic scaffolds. We hypothesize that nonwoven 
scaffolds composed of PLA are well suited to meet this need. In general, nonwovens are an 
arrangement of random fibers bonded together to create a web or fabric. The fibrillar 
structure of nonwovens mimics that of native extracellular matrix (ECM), and provides an 
ideal environment for cellular attachment and proliferation [38–40]. In particular, we 
propose that, carded nonwoven fabrication techniques are capable of producing repeatable, 
scalable, high speed, and economical scaffolds from a wide variety of fiber types, including 
PLA. In the carding process, staple fibers (short fibers of about 5 cm in length) are first 
separated into individual filaments and subsequently entangled together (Figure 1c). Fiber 
entanglement is achieved via a series of specialized combed rollers, and the resultant web 
can be layered many times to achieve a desired thickness (termed crosslapping). Finally, the 
structure is locked in place by bonding the fibers via a variety of methods, such as needle 
punching, hydroentangling, thermal bonding, or chemical adhesives [41–44].
The goal of this study was to use carding technology to fabricate nonwoven scaffolds for 
bone tissue engineering applications and to test these scaffolds for their ability to support 
hASC viability, proliferation, and osteogenic differentiation while exposed to fluid shear 
stresses at magnitudes consistent with those that occur in vivo. The high surface area and 
gilled structure of the fibers described here makes them an attractive candidate for nonwoven 
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tissue engineering scaffolds seeded with stem cells and mechanically stimulated with PFF. 
We hypothesized that the gilled structure would lead to enhanced mass transport properties 
via capillary action, resulting in locally increased levels of shear stress magnitudes, and 
increased osteogenic differentiation of hASC seeded on the scaffolds.
2. Materials and Methods
2.1. Fabrication of Gilled Fiber Scaffolds
2.1.1. Fabrication of Gilled Multifilaments—PLA grade 6100D (NatureWorks LLC, 
Minnetonka, MN) and AQ55S (Eastman Chemical Company, Kingsport, TN) were used for 
creation of all fibers. Prior to filament spinning, the rheological properties of pure PLA and 
AQ55S were determined on a Rosand RH7 capillary rheometer (Malvern Instruments, 
Malvern, UK). Polymers were dried overnight under vacuum at 85 and 40 °C for PLA and 
AQ55S, respectively, to remove any absorbed water. Approximately 35 g were loaded into 
the rheometer chamber fitted with a long die (16 mm length and 1 mm diameter) and 
subjected to a shear rate sweep from 20–10,000 1/s at constant temperature. PLA and 
AQ55S were each evaluated at 230 and 250 °C.
Gilled fiber multifilaments were fabricated using a winged fiber spinnerette (NatureWorks 
LLC, Minnetonka, MN). Fabrication of winged fibers, consisting of a solid fiber with 
multiple “winged” projections with a cross section approximating an asterisk has been 
previously described [45]. This is the first study to report the fabrication of gilled fibers 
using a winged fiber spinnerette (the hollow gilled channel is shaped like a winged fiber). In 
brief, PLA was loaded as the core polymer with AQ55S forming the bicomponent sheath at 
a 50:50 ratio by weight (w/w). Multifilaments were extruded at a throughput of 0.9 grams 
per hole per minute (ghm) and collected on bobbins (cylinders on which filaments were 
wound) at a winding speed of 2100 m/min heated to 125 °C. Goulston PL-859 spin finish 
(Goulston Technologies INC, Monroe, NC) was applied to the spinline prior to winding to 
prevent fibers from adhering to each other and the guide rolls. Round fiber cross section 
multifilaments composed of pure PLA were extruded and collected on bobbins under similar 
processing conditions for the fabrication of control fibers of the same fiber diameter as 
experimental gilled multifilaments (Figure 1a).
2.1.2. Fabrication of Carded Scaffolds—Gilled fiber and round PLA control 
multifilaments were unwound, crimped (heat set into a zig-zag pattern), and cut into 5 cm 
staple fibers for the fabrication of carded scaffolds (Figure 1b) at the Nonwovens Institute 
(NWI) pilot facilities (NWI, North Carolina State University, Raleigh, NC). Staple fibers 
were carded on a model carding unit at NWI at a basis weight of 200 g/m2 (gsm) (Figure 
1c). Scaffold structure was locked into place via needle punching on an Asselin A.50-RL 4 
board needle loom. Fabrics were bonded at a needle punch density (npd) of 50 strokes/cm2 
on the top and bottom surfaces for a total npd of 100 strokes/cm2 (Figure 1d).
The gilled fiber cross section was exposed by washing the gilled fabrics in agitated 
deionized (DI) water at 85 °C for 15 minutes containing 250 µL surfactant per 1 L DI water 
to reduce surface tension and aid in removal of AQ55S (Figure 1e). Gilled scaffolds were 
dried in an oven at 40 °C overnight to remove any absorbed water prior to weighing before 
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the washing procedure. Washed scaffolds were rinsed several times in fresh DI water and 
allowed to dry overnight at 40 °C prior to being weighed to determine weight loss.
2.1.3. Scaffold Characterization—PLA control, gilled unwashed, and gilled scaffold 
surfaces and fiber cross sections were imaged on a Phenom G2 Pro scanning electron 
microscope (SEM) (PhenomWorld, Eindhoven, Netherlands). Fiber cross sections were 
prepared by drying the scaffolds overnight at 40 °C followed by fracturing under liquid 
nitrogen using a razor. Scaffold SEM surface images were used to determine average fiber 
diameter using ImageJ software (NIH, Bethesda, MD) with an average of at least 25 fibers 
measured for each scaffold type. The fiber density of gilled fibers was determined 
empirically from direct observation of fiber cross sections using SEM imaging after 
washing. Representative fiber cross sections were converted to threshold images using 
ImageJ software. The total fiber cross sectional area as well as the hollow internal area was 
then calculated using ImageJ to determine the percentage of hollow area in each fiber cross 
section. Fiber density was then calculated based on total area, less the hollow area, assuming 
a density of pure PLA (1.24 g/cm3).
Scaffold thickness was measured on a Hanatek FT3 precision thickness gauge (East Sussex, 
UK) (n=10 per scaffold) taken at random points along the scaffold width and length at least 
5 cm away from the scaffold edge. Mean flow pore size of scaffolds was determined using a 
Porous Materials INC advanced capillary flow porometer (Ithaca, NY). GalWick was used 
as the wetting agent using the wet up/dry up no wait at dry method per manufacturer’s 
instructions. Peak load was determined for each scaffold type via a tensile strip test to failure 
on an Instron 4400R (Norwood, MA). Specific surface area of PLA control, gilled 
unwashed, and gilled scaffolds was determined using the Brunauer-Emmett-Teller (BET) 
method [46] on a Quantachrome ASiQwin automated gas sorption chamber (Quantachrome 
Instruments, Boynton Beach, FL). An outgassing temperature of 40 °C was employed to 
ensure temperature did not exceed the glass transition temperature of AQ55S (55 °C ) with 
Krypton as the analysis gas.
2.2. Scaffold Cell Culture and Application of PFF
2.2.1. Scaffold seeding—Scaffolds were cut into 5/8 inch diameter circular scaffolds and 
were sterilized for four hours in 70% ethanol followed by rinsing five times in phosphate 
buffered saline (PBS) in 12 well non-tissue culture treated polystyrene plates. Scaffolds were 
then soaked in complete growth medium (CGM: Eagle α-Minimum Essential Medium, 10% 
fetal bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, and 100 µg/mL 
streptomycin) for 12 hours prior to cell seeding. Scaffolds were then seeded with a second 
passage human adipose derived stem cell pooled pre-menopausal, age and gender matched 
superlot isolated from five female donors that we have previously described [29]. Human 
ASC were obtained following an IRB exempt protocol (UNC 10-0201) from excess 
liposuction waste tissue from procedures performed at the University of North Carolina at 
Chapel Hill. Human ASC were cultured in 75 cm2 tissue culture treated flasks to 75% 
confluency, trypsinized, and resuspended in CGM at 200,000 cells/mL. Scaffolds were 
seeded at 20,000 cells/cm2 and hASC were allowed to attach for one hour in a humidified 
incubator at 37 °C and 5% CO2. After the one hour attachment period, wells were flooded 
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with CGM and cultured in the incubator overnight. CGM was then aspirated and scaffolds 
were carefully turned and seeded with an additional 20,000 cells/cm2 and allowed to attach 
and incubated overnight. Scaffolds were then transferred to new tissue culture plates and 
allowed to proliferate in CGM for an additional seven days, with media changes every two 
days.
Cellular proliferation was tracked over the seven day expansion period on days 1, 3, 5, and 7 
using the AlamarBlue™ assay (BioRad AbD Serotec, Oxford, UK). CGM was aspirated and 
scaffolds were carefully washed twice with phosphate buffered saline (PBS) and 
subsequently flooded with CGM containing AlamarBlue™ at a concentration of 10% by 
volume (v/v) and transferred to a humidified incubator at 37 °C and 5% CO2 for three hours. 
200 µL of AlamarBlue™ containing medium was the removed and transferred to a 96 well 
plate and absorbance read in triplicate on a GENios microplate reader (Tecan, Männedorf, 
Switzerland) at 570 and 600 nm. AlamarBlue™ containing medium was then aspirated, 
scaffolds were washed three times in PBS, and flooded with fresh CGM.
Cellular viability was analyzed on days 1, 3, 5, and 7 using a mammalian Live/Dead 
viability kit (Invitrogen, Molecular Probes, Eugene, OR). Live/Dead scaffolds were rinsed 
twice in PBS and incubated protected from light at 37 °C in PBS containing 3 µM calcein 
AM (live cells, stained green) and 4 µM ethidium homodimer-1 (dead cells, stained red) for 
15 minutes. Scaffolds were then mounted on glass slides and imaged on a Leica DM5500B 
fluorescence microscope (Leica Microsystems, Wetzlar, Germany) at 10× magnification.
2.2.2. Application of PFF—The PFF shear reactor application system consisted of eight 
individual fluid shear chambers (Tissue Growth Technologies, Minnetonka, MN) connected 
to a fluid distribution manifold (Figure 2b). CGM was supplied from a reservoir (Figure 2a) 
through the manifold to the shear chambers (Figure 2d) via a MasterFlex L/S 7519-25 
peristaltic pump (Cole-Parmer, Vernon Hills, IL) through gas permeable tubing (Figure 2c) 
(PharMed, Cole-Parmer) at a specified volumetric flow rate (Equations 1 and 2). All shear 
chamber and pump components were sterilized in an autoclave and assembled under aseptic 
conditions in a biological safety cabinet. After the seven day expansion period, hASC-
seeded scaffolds were loaded into the shear chambers and connected to the bioreactor pump 
apparatus. The tubing lines were primed with CGM prior to being connected to the scaffold 
loaded shear chambers and the entire closed system was then transferred to a humidified 
incubator at 37 °C and 5% CO2. Volumetric flow rates resulting in desired physiological 
shear stress magnitudes [19] of 3, 6, and 9 dyne/cm2 were calculated according to Equations 
1 and 2 and scaffolds were subjected to one hour of PFF at each shear stress. These shear 
stress magnitudes were chosen in line with previous studies that have shown relatively low 
shear stress magnitudes are capable of generating a mechanosensitive response [47,48]. 
Unstimulated/static controls were kept in the same system in the incubator but without 
application of PFF (referred to as 0 dyne/cm2).
Equation 1
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where v = fluid velocity
τ = shear stress
R = pore radius
µ = dynamic viscosity
Q = volumetric flow rate
A = pore area
Cellular viability of hASC on scaffolds subjected to PFF at each shear stress magnitude were 
analyzed immediately after application of one hour PFF in the same manner as Live/Dead 
scaffolds analyzed during the expansion period. Three scaffolds per scaffold type and shear 
stress magnitude were collected in 1.5 mL RNase free tubes containing 350 µL lysis buffer 
RLT (Qiagen, Valencia, CA) and repeatedly ground with an RNase free pestle and frozen at 
−80 °C.
Human ASC seeded scaffolds exposed to PFF were thawed on ice and cell lysates were 
processed in QiaShredder homogenizers (Qiagen). Total RNA was isolated using an RNeasy 
mini kit according to the manufacturer’s instructions (Qiagen). Isolated RNA was quantified 
on a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). 
Following RNA isolation, 48 ng of RNA for each sample was used for the generation of 
cDNA using an OriGene first strand cDNA synthesis kit according to the manufacturer’s 
instructions (OriGene, Rockville, MD) on an Eppendorf Mastercycler Nexus Gradient 
Thermal Cycler (Eppendorf, Hamburg, Germany) and quantified using a NanoDrop 2000. 
Real time reverse transcriptase polymerase chain reaction (RT-qPCR) was performed using a 
TaqMan gene expression master mix (Applied Biosystems Fisher Life Technologies, 
Waltham, MA) with 2 µL of cDNA per sample (n=3) on an ABI Prism 7000 real time 
thermocycler (Applied Biosystems Fisher Life Technologies, Waltham, MA). Gene 
expression of runt related transcription factor 2 (RUNX2) was measured and normalized to 
hypoxanthine phosphoribosyltransferase 1 (HPRT 1). Both primers were purchased from 
Applied Biosystems (Fisher Life Technologies, Waltham, MA). Fold change in expression 
was calculated using the comparative threshold (CT) method as described by Schmittgen and 
Livak [49].
2.2.3. Statistical Analysis—An unpaired student’s t-test was used to analyze statistical 
difference for scaffold characterization and proliferation assays. A one-way ANOVA was 
used for statistical analysis of PCR data. Error bars represent standard error of the mean. 
Statistical significance is indicated as p<0.05.
Tuin et al. Page 7














3.1 Fabrication of Gilled Fiber Scaffolds
3.1.1. Fabrication of Gilled Multifilaments—The rheological properties of PLA and 
AQ55S were determined prior to fabrication of multifilaments. Capillary rheometry results 
indicated that AQ55S exhibits a relative viscosity 2–6 times greater than that of pure PLA, 
depending on shear rate and temperature (Figure 3). As expected, viscosity decreased with 
increasing shear rate; with shear profiles exhibiting shear thinning behavior typical of 
polymer melts. Multifilaments were successfully fabricated using a winged fiber spinnerette 
with PLA loaded as the core polymer and AQ55S as the sheath polymer. Multifilaments 
were successfully fabricated and collected on bobbins for subsequent production of staple 
fibers and carded fabrics. Control pure PLA round cross section fibers were also collected 
under similar spinning conditions, resulting in PLA fibers of the same diameter compared to 
experimental gilled fibers (Figure 4).
3.1.2. Fabrication of Carded Scaffolds—Multifilaments were processed into staple 
fibers for subsequent carded fabric production (Figure 1b). Filaments were unwound and 
crimped into 5 cm staple fibers. No fiber breakage during crimping and cutting was observed 
for pure PLA controls or for experimental gilled fibers. Staple fibers were successfully 
converted to carded fabrics on a small model carding unit (Figure 1c). A uniform basis 
weight of 200 gsm was achieved for both scaffold types. Scaffolds were bonded via needling 
on both sides at a total needle punch density of 100 strokes/cm2 (Figure 1d).
3.1.3. Removal of the Sacrificial Component—Gilled scaffolds were washed in 
gently agitated DI water at 85 °C for 15 minutes. Mechanical bonding via needling was 
sufficient to withstand the washing procedure, with little fiber loss observed during the 
washing procedure. Washed scaffolds retained their nonwoven morphology with no 
significant changes in physical dimensions observed (Figure 4). Visual dissolution of the 
AQ55S component was observed within one minute of submersion in DI water as an opaque 
milky substance leaving the scaffold surface. The washing procedure resulted in fabric 
weight loss of 52.7 ± 0.4%, indicating an average washing efficiency of 107.61 ± 0.04%.
Scaffold surfaces and fiber cross section SEM images were captured to determine scaffold 
and fiber morphology (Figure 4). Fiber diameter of PLA control, gilled unwashed, and gilled 
fibers was well conserved and resulted in fiber diameters of 23.8 ± 2.5, 24.4 ± 2.6, and 23.5 
± 1.2 µm, respectively. All fiber types resulted in a round outer diameter morphology (Figure 
4, b1–b3 and c1–c3). Additionally, a portion of the gilled fibers exhibited cracks on the fiber 
surface, exposing the internal fiber structure (Figure 4, a3–c3). Unwashed gilled fiber cross 
sections revealed successful fabrication of a winged fiber cross section, with distinct 
polymer interfaces observed between PLA and AQ55S (Figure 4, b2 and c2). The washing 
procedure resulted in removal of the AQ55S component, leaving behind an inverted winged 
fiber cross section, consisting of an outer PLA skin and PLA finger like structures extending 
toward a hollow core (Figure 4, b3 and c3). The resultant structure resembled the gills on the 
underside of a mushroom cap; hence the name gilled fibers.
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Gilled fiber density was calculated from representative SEM cross section images using 
ImageJ software (Figure 5). The cross sectional hollow area occupied a volume of 175 µm2 
with total area of the fiber occupying 446 µm2. From these measurements, the fiber density 
of gilled fibers was calculated as 0.67 g/cm3, compared to a pure PLA fiber density of 1.24 
g/cm3, representing a 46% decrease in fiber density. BET surface area measurements 
indicated PLA control, gilled unwashed, and gilled fiber surface areas of 0.066, 0.104, and 
1.677 m2/g, respectively (Figure 6).
3.1.4. Scaffold Characterization—Fiber and scaffold properties are provided in Table 1. 
Thickness of PLA control, gilled unwashed and gilled scaffolds agreed well and resulted in 
scaffold thicknesses of 2750 ± 72, 2894 ± 109, and 2600 ± 129 µm, respectively. Pore sizes 
of 73 and 84 µm were measured for PLA control and gilled unwashed scaffolds. The 
washing procedure resulted in slightly increased pore size of 92 µm for the gilled scaffolds. 
Mechanical properties of acellular scaffolds were analyzed via tensile testing to failure prior 
to cell seeding. Representative engineering stress strain curves are provided in Figure 7a. 
Tensile test data resulted in peak loads for PLA control, gilled unwashed, and gilled 
scaffolds of 31.7 ± 1.7, 27.3 ± 6.3, and 55.0 ± 10.1 N, respectively (Figure 7b).
3.2 Human ASC-Seeded Gilled Scaffolds Subjected to PFF
3.2.1. Proliferation and Viability of hASC—Human ASC proliferated over the seven 
day expansion period on PLA control and gilled scaffolds (Figure 8). No significant 
differences were observed over the first five days; however on day seven gilled scaffolds 
exhibited a significant increase in proliferation compared to PLA control scaffolds. Little 
change was observed in the number of viable cells (stained green) for both scaffold types 
over the first five days (Figure 9a, a1–a3 and a5–a7); however an increase in the number of 
viable cells was observed on day seven (Figure 9a, a4 and a8). Further, a greater number of 
dead cells (stained red) were observed for all time points on PLA control scaffolds compared 
to gilled scaffolds.
3.2.2. Application of PFF—A representative image of the PFF apparatus is provided in 
Figure 2. Bioreactor assembly was carried out under aseptic conditions in a biological safety 
cabinet. Prior to subjecting scaffolds to PFF, volumetric flow rate was validated with CGM. 
All chambers operated successfully and delivered equal volumes of CGM according to the 
specified flow rate (Equations 1 and 2). No leakage was observed during application of PFF. 
RT-qPCR was performed after the application of PFF to determine the effects on hASC 
mRNA expression of RUNX2. There were no significant differences between unstimulated 
scaffolds, however hASC seeded on gilled scaffolds exhibited significantly increased 
RUNX2 expression for shear stress magnitudes of 3 and 6 dyne/cm2 (Figure 10). Both 
scaffold types led to a significant increase in RUNX2 expression for 9 dyne/cm2 compared 
to unstimulated controls, however there was no statistical difference between the scaffold 
types at 9 dyne/cm2.
Live/Dead cellular viability images were captured immediately after application of PFF to 
determine the effects of applied shear stress on hASC viability (Figure 9b). Some reduction 
in the number of viable cells was observed on PLA control scaffolds for all shear stress 
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magnitudes compared to unstimulated controls (Figure 9b, b2–b4). Some decrease in the 
number of viable cells also appeared to occur on gilled scaffolds, although to a lesser extent 
than PLA controls (Figure 9b, b6–b8). Little difference was observed between shear stress 
magnitudes applied with regard to the number of viable cells observed for gilled scaffolds. A 
greater number of dead cells were observed on PLA control scaffolds compared to gilled 
scaffolds for all shear stress magnitudes.
4. Discussion
4.1. Fabrication of Gilled Fiber Scaffolds
We have described a method for successful bicomponent multifilament spinning of PLA and 
AQ55S using a winged fiber spinnerette, with PLA loaded as the core and AQ55S as the 
sheath. With this arrangement, an inverted winged fiber cross section (termed gilled fiber) 
was created, with the PLA component moving from the core and replacing AQ55S as the 
sheath component and vice versa. The gilled cross section was clearly defined and both 
polymers and the polymer interface could be observed under SEM imaging (Figure 4, b2–b3 
and c2–c3). We believe that phase inversion of the polymer components was likely due to 
viscosity differences between PLA and AQ55S. AQ55S was measured to be 2–6 times more 
viscous than PLA. It has been demonstrated previously that in the case of two component 
polymer melt systems, phase inversion is likely to occur when there is a large difference in 
viscosity [50–53]. Ratnagiri and Scott have demonstrated that phase inversion is favored in 
systems containing a low viscosity and low melting point minor component [50]. Li et al. 
have shown that the viscosity ratio, weight percentage, and interfacial tension between 
components as well as the processing conditions will affect the resultant blend morphology 
[52]. Blends composed of polymers with similar viscosities (viscosity ratio at or near one) 
tend to form co-continuous structures for weight ratios between 30–70% [53]. In the present 
work, it is likely that the large difference in viscosity of the two components is responsible 
for phase inversion and formation of the gilled fiber cross section. Future work, including 
loading AQ55S as the core component and PLA as the sheath during filament spinning, 
could shed further details on the observed phenomenon. Further, studies are needed to 
determine changes in the formation of the gilled fiber cross section through variation of 
polymer melt temperature (to vary the viscosity ratio) to validate this hypothesis. Lastly, 
additional polymer systems, including alternative sacrificial and fiber forming polymer 
components are needed to determine if the gilled fiber cross section is unique to the PLA-
AQ55S system described here.
Gilled fiber multifilaments were successfully fabricated into staple fibers and subsequently 
carded to form nonwoven scaffolds. Staple fiber processing, carding, and bonding via needle 
punching did not affect the gilled fiber cross section. Needle punching provided sufficient 
mechanical stability to withstand the washing procedure. A dramatic increase of over 1500% 
in specific surface area was observed for gilled fibers compared to unwashed controls, 
however additional replicates of surface area analysis are needed to validate these findings. 
Further, a washing efficiency greater than 100% was observed for gilled fiber scaffolds, 
indicating complete removal of the AQ55S component was likely achieved. The additional 
weight loss was likely due to individual fibers lost during the washing procedure, and 
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removal of water-soluble spin finish applied during filament spinning. Spin finish is a 
lubricating liquid (of varied composition, depending on the type of polymer being spun) 
applied during spinning to prevent filaments from adhering to the collection rolls and to one 
another. Tensile testing resulted in an increase in peak load for gilled fiber scaffolds 
compared to unwashed and PLA controls, however this increase was not significant. There 
was a significant decrease in strain at break for unwashed and gilled fiber scaffolds 
compared to control scaffolds, as well as a significant decrease between unwashed gilled and 
gilled fiber scaffolds. Differences in PLA control and unwashed gilled fiber scaffold strain at 
break was attributed to winding speed and the inclusion of the AQ55S component in the 
gilled fibers. Winding speed was kept constant for each fiber type to fabricate fibers of 
similar diameter. However, pure PLA may be collected at higher winding speeds, resulting 
in polymer chain orientation in the fiber direction, leading to increased tensile strength and 
decreased strain at break. Pure PLA fibers were likely partially oriented, leading to higher 
strain at break compared to gilled fiber scaffolds. Inclusion of the AQ55S component 
resulted in lower maximum winding speeds, and strain at break is a result of contributions 
from both polymer components. Gilled fiber scaffolds led to an additional decrease in strain 
at break compared to PLA and unwashed gilled controls. The washing procedure was carried 
out above the glass transition temperature of PLA, resulting in relaxation of the polymer 
chain orientation imparted during fiber spinning.
Although in this study we have focused on gilled scaffolds for tissue engineering 
applications, gilled fibers are attractive candidates for a variety of applications requiring 
high surface area, such as biomedical separation processes. We have shown that needle 
punching is sufficient for providing mechanical integrity, however, other bonding methods 
such as hydroentangling, chemical, and thermal could also be employed. In addition, while 
we have shown successful fabrication of carded scaffolds, our results suggest production of 
gilled fibers could be extended to other woven and nonwoven applications such as knits, 
woven fabrics, and direct fabrication of continuous filament nonwovens such as 
bicomponent spunbond fabrics, providing an array of fabrication platforms that could be 
tailored for specific applications. Beyond the specificity of the winged fiber spinnerette, post 
production of gilled fibers into a wide range of fiber based materials may be realized.
4.2 Carded Gilled Fiber Tissue Engineering Scaffolds
The novel gilled fiber scaffolds described here exhibited promise as tissue engineering 
scaffolds using hASC. Cellular proliferation was significantly increased on gilled scaffolds 
compared to solid fiber controls after seven days in static culture (Figure 8). Further, fewer 
dead cells were observed on gilled scaffolds over the culture period (Figure 9a). SEM 
surface images of scaffolds exhibited the presence of linear cracks along the surface of a 
portion of fibers, originating between fingerlike PLA internal wing projections (Figure 4, 
a3). We speculate this effect was due to fracturing during the needle punching process. For 
the purposes of this study, these fracture lines may have served a beneficial purpose by 
exposing the internal hollow gilled channel, facilitating fluid flow. The hollow gilled 
channels may provide enhanced mass transport through capillary action, promoting better 
distribution of nutrients and oxygen throughout the thickness of the scaffolds, as well as 
providing a route for elimination of cellular waste products. Additional experiments 
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including finite element modeling are needed to determine the effects of the gilled fiber 
morphology on fluid flow around and through the fibers and their effect on local shear stress 
fields. An understanding of fluid dynamics through gilled fiber scaffolds is needed to 
determine the ranges of shear stresses imparted to cells adhered to the scaffold.
Fibrous tissue engineering scaffolds have been used extensively for a wide range of tissue 
types and cell sources. Random or oriented nonwoven scaffolds are inherently biomimetic, 
with similar architecture to native ECM structures such as collagen fibers. Many groups 
have focused on electrospinning for the fabrication of nonwoven tissue engineering scaffolds 
because the fiber size is similar to that of ECM structures [38,54–58]. The gilled fibers 
reported here are on the order of 25 µm, much larger than native ECM structures and fibers 
obtained with electrospinning methods. However, we have shown here that hASC are 
capable of attachment, proliferation, and differentiation under pulsatile fluid flow on gilled 
fiber scaffolds. Kuo et al. reported that larger fibers (1.47 µm, compared to 0.67 and 0.31 
µm) increased proliferation of hMSCs on electrospun polyurethane scaffolds [59]. They 
attribute enhanced proliferation on larger fibers to enhanced migration of cells into pores 
within the nonwoven scaffold [59]. Interactions between stem cells and fibrous tissue 
engineering scaffolds is extremely complex and a number of factors can influence the 
attachment, migration, proliferation, differentiation, and deposition of extracellular matrix; 
including but certainly not limited to fiber diameter.
Human ASC seeded on gilled scaffolds exhibited an increase in RUNX2 mRNA expression, 
an early marker for osteogenesis [21,60], for shear stress magnitudes of 3 and 6 dyne/cm2 
compared to PLA control scaffolds after one hour of PFF (Figure 10), even in the absence of 
chemical osteogenesis induction factors, such as β-glycerol phosphate, ascorbic acid, and 
dexamethasone. There was no statistical difference in RUNX2 expression between gilled 
and control scaffolds at 9 dyne/cm2, although both scaffolds exhibited a significant increase 
compared to unstimulated controls at this shear stress magnitude. We speculate that the 
gilled scaffolds may have exposed hASC to local increases in shear stress magnitude 
compared to control scaffolds. Fluid flow through the gilled channels is expected to be 
increased compared to fluid flow through the macro pores in the scaffold, resulting in 
increased shear at the fiber surfaces. This hypothesis could explain the increase in RUNX2 
mRNA expression for low magnitudes of applied shear stress. At higher fluid velocities and 
shear stresses, hASC may be exposed to sufficient shear stress on both gilled and control 
scaffolds, resulting in similar levels of RUNX2 expression. Future empirical and 
computational analyses to more precisely quantify local shear stresses observed during PFF 
are needed to validate this hypothesis.
Finally, a greater number of viable cells were observed on gilled scaffolds at all shear stress 
magnitudes analyzed (Figure 9b), suggesting gilled scaffolds promote better adhesion of 
hASC compared to control scaffolds. Fracture lines observed on the fiber surfaces may have 
exposed the internal gill structures to attached hASC, providing an ideal microenvironment 
for cellular attachment. Further studies are needed to verify the effect of fiber morphology 
on the attachment and proliferation of hASC.
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This is the first study to describe the manufacture of novel gilled fibers and gilled fiber tissue 
engineering scaffolds. This study serves as a proof of concept experiment for the validation 
of hASC-seeded gilled fiber scaffolds as tissue engineering constructs using PFF as 
mechanical stimulation via shear stress. Future studies should be undertaken to further 
elucidate the effects of scaffold and fiber properties on the behavior of hASC, including 
longer PFF stimulation times over extended culture periods, other loading modalities, 
inclusion of chemical induction factors, analysis of early, transitional, and late osteogenic 
gene targets, analysis of end product expression such as cell mediated calcium accretion, and 
analysis of hASC spreading and infiltration throughout the scaffolds.
5. Conclusions
We report here for the first time the successful fabrication of novel high surface area gilled 
fibers. Gilled fiber carded scaffolds were successfully fabricated from multifilament fibers 
with sufficient strength to withstand washing procedures and application of PFF. A hollow 
internal cross section with finger like PLA projections resembling those of mushrooms was 
realized via bicomponent filament extrusion of PLA and AQ55S. The effects of fiber 
morphology on the proliferation and viability of hASC, as well as the effects of varied 
magnitudes of applied shear stress via pulsatile fluid flow for one hour were evaluated. 
Gilled fibers led to a significant increase in proliferation of hASC after one week in static 
culture, and a greater number of viable cells compared to round fiber PLA control scaffolds. 
Further, in the absence of any osteogenic induction factors in the culture medium, gilled 
fibers led to significantly increased mRNA expression of RUNX2, an early marker for 
osteogenesis, for applied shear stress magnitudes of 3 and 6 dyne/cm2. This is the first study 
to describe gilled fiber fabrication and their potential for tissue engineering applications. The 
repeatable, industrial scalable, and versatile fabrication process makes them promising 
candidates for a variety of scaffold-based tissue engineering applications across a variety of 
platforms.
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We report here for the first time the successful fabrication of novel high surface area 
gilled fiber scaffolds for tissue engineering applications. Gilled fibers led to a significant 
increase in proliferation of human adipose derived stem cells after one week in culture, 
and a greater number of viable cells compared to round fiber controls. Further, in the 
absence of osteogenic induction factors, gilled fibers led to significantly increased mRNA 
expression of an early marker for osteogenesis after exposure to pulsatile fluid flow. This 
is the first study to describe gilled fiber fabrication and their potential for tissue 
engineering applications. The repeatable, industrial scalable, and versatile fabrication 
process makes them promising candidates for a variety of scaffold-based tissue 
engineering applications.
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Schematic of gilled fiber multifilament spinning and carded scaffold fabrication. a) 
Bicomponent multifilament spinning: PLA and AQ55S polymer pellets are fed to separate 
extruders, melted, and forced through the bicomponent spinnerette/die. The spinnerette 
design directs the molten polymers through a series of specialized plates to form the winged 
cross section. Individual filaments are formed at each orifice and collected as a fiber bundle 
or spinline and wound around the collector godet roll via a vacuum gun (lurgi gun). 
Multifilaments are wound and collected on a bobbin or transferred via additional godet rolls 
for subsequent processing. b) Crimping and cutting: Fibers are crimped into a zig-zag 
pattern to facilitate transfer to carding rolls and cut into short (about 5 cm) individual staple 
fibers. c) Carding: Staple fibers are converted to an unbonded fiberweb via a series of 
specialized combed rollers. d) Bonding: Web structure is locked into place via needle 
punching. Barbed needles snare and entangle fibers through the scaffold thickness. e) The 
AQ55S component is removed via washing in hot deionized water. Finally, the scaffold is 
dried in an oven followed by winding on a collector roll. Fabrication is depicted as a 
continuous process; scaffolds fabricated in this study were processed in batch operations 
(bicomponent filament spinning, crimping and cutting, carding, bonding, and washing).
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Pulsatile fluid flow (PFF) reactor setup. (a) Complete growth medium reservoir, (b) medium 
distribution manifold, (c) peristaltic pump, and (d) shear stress chambers containing 
scaffolds seeded with human adipose derived stem cells. No fluid leakage was observed 
during the experiment. Volumetric flow rates were validated for accuracy between chambers 
before application of PFF to confirm shear stress magnitudes of 0, 3, 6, and 9 dynes/cm2.
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Shear viscosity (Pa s) versus shear rate (1/s) for pure PLA and AQ55S at 230 and 250 °C. 
AQ55S exhibited viscosities 2–6 times greater than pure PLA.
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Scanning electron microscopy images of scaffold surfaces at 500x magnification (top row) 
and fiber cross sections at 2000x (middle row) and 5000x (bottom row) magnification. A 
winged fiber cross section was observed for unwashed gilled fibers (b2 and c2). Washing 
resulted in the formation of the gilled fiber morphology, consisting of a PLA sheath and 
finger like projections toward a hollow core (b3 and c3). Scale bars represent 100 µm (top 
row), 50 µm (middle row), and 10 µm (bottom row).
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Empirical calculation of gilled fiber density. Representative SEM image of gilled fiber cross 
section (a) and (b). Cross sectional image was converted to a threshold image using ImageJ 
software (c) and converted to an area map to determine hollow area as a percentage of total 
fiber cross sectional area (d). Scale bars represent 10 µm.
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Brunauer-Emmett-Teller surface area analysis of cell seeded scaffolds. The washing 
procedure and subsequent formation of gilled fiber scaffolds resulted in specific surface area 
of 1.677 m2/g, compared to 0.104 m2/g for unwashed scaffolds, representing an over 1500% 
increase.
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Representative engineering stress strain curves for acellular scaffolds (a), and resultant peak 
load (b). Removal of the AQ55S component led to an increase in peak load for gilled fiber 
scaffolds compared to unwashed gilled scaffolds, however this increase was not significant.
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AlamarBlue™ cellular proliferation on PLA control and gilled scaffolds. There were no 
significant differences between scaffold types observed over the first five days in culture, 
however a significant increase in cellular proliferation was observed on gilled scaffolds on 
day seven compared to PLA control scaffolds. Different letters represent statistical 
significance (p<0.05). Error bars represent standard error of the mean.
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Live/Dead viability of human adipose derived stem cells (hASC). Live cells stained green, 
dead cells stained red. (a) Human ASC viability over the seven day expansion period. Little 
difference was observed in the number of viable cells over the first five days between 
scaffold types (a1–a3 and a5–a7), however gilled scaffolds appeared to exhibit a greater 
number of live cells on day seven (a4 versus a8). A greater number of dead cells were 
observed on PLA control scaffolds compared to gilled scaffolds at each time point. (b) 
Human ASC viability was determined immediately after application of one hour pulsatile 
fluid flow (PFF). A greater number of viable cells were observed on gilled scaffolds for all 
shear stress magnitudes compared to PLA control scaffolds. Further a greater number of 
dead cells were observed for all shear stress magnitudes on PLA control scaffolds compared 
to gilled scaffolds (b2–b4 compared to b6 – b8).
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Real time reverse transcriptase polymerase chain reaction (R T -qPCR) results. Fold change 
expression of runt related transcription factor 2 (RUNX2) normalized to hypoxanthine 
phosphoribosyltransferase 1 for each scaffold at each pulsatile fluid flow (PFF) magnitude. 
No statistically significant differences were observed between scaffold types on 
unstimulated controls (PFF = 0 dyne/cm2); however hASC seeded on gilled scaffolds 
exhibited a significant increase in RUNX2 expression at shear stress magnitudes of 3 and 6 
dyne/cm2. There was no significant difference between scaffold types at 9 dyne/cm2; 
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however each scaffold type exhibited significantly increased RUNX2 mRNA expression 
compared to their respective unstimulated controls.
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Table 1






Fiber Diameter [µm] 23.8 ± 2.5 24.4 ± 2.6 23.5 ± 1.2
Needle Punch Density [st/cm2]b) 100 100 100
Basis Weight [gsm]c) 200 200 200
Thickness [µm] 2750 ± 72 2894 ± 109 2600 ± 129
Pore Size [µm] 73 84 92
Surface Area [m2/g] 0.066 0.104 1.677
Peak Load [N] 31.7 ± 1.7 27.3 ± 6.3 55.0 ± 10.1
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